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Abstract: Phagosomal escape and intracellular survival, often accompanied by Small Colony Vari-
ants (SCVs) formation, are typical features of infections caused by S. aureus. The survival in macro-
phages favours S. aureus dissemination and complicates treatment. RAW 264.7 murine macrophages
infected with S. aureus USA300 and treated with erythromycin and 20mM carnosine, alone and in
combination, were used as experimental model. SCVs were isolated from all treatment conditions,
but only those undergoing the pressure of combined erythromycin and carnosine for 48 hours were
stable for at least six passages on blood agar. Nucleic acid extraction was carried out for S. aureus
USA300 wild-type and stable SCVs. Whole Genome Sequencing (WGS) was performed using Illu-
mina DNA Prep and Illumina MiSeq, and quantitative reverse transcription PCR was performed.
WGS analysis did not yield mutations pointing to differences between S. aureus USA300 and stable
SCVs, therefore the focus was shifted to evaluating gene expression variations. Genes such as zur,
mntR, uhpt, fur, sdrE were shown to be significantly up-regulated in SCVs compared to S. aureus
USA300 wild-type, suggesting a global change that allows adaptation to intracellular persistence,

including protection from inflammatory response and evasion of the immune system.

Keywords: Staphylococcus aureus; Small Colony Variants; Carnosine; RAW 264.7 murine macro-
phages; Host-Pathogen Interaction

1. Introduction

Staphylococcus aureus is widely recognized for its ability to adapt to different environ-
ments thanks to an excellent genome plasticity exerted through horizontal gene transfer
(HGT) mechanisms [1][2][3].

A large plethora of virulence factors and resistance genes makes S. aureus an oppor-
tunistic pathogen that represented and still represents one of the most common causes of
human infections [4]. Emerged in the past as a nosocomial pathogen, Methicillin-Resistant
S. aureus (MRSA) has quickly spread in the community, following different evolutive
paths through the sequential acquisition of mobile genetic elements (MGEs) [5].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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A major clinical issue related to S. aureus is represented by persistent infections (e.g.,
prosthetic joint infections) characterized by an asymptomatic phase with relapses occur-
ring months or even years after the apparent resolution of the infection [6].

The ability of S. aureus to evade the immune response through the activation of the
“Immune Evasion Cluster” has extensively been assessed [7][8][9]. Moreover, S. aureus
proved capable of surviving phagocytosis by neutrophils and macrophages, performing
phagosomal escape, as well as of surviving inside non-phagocytic cells, such as osteo-
blasts, epithelial and endothelial cells [10] [11], with all these mechanisms confirming its
persistent behaviour. Intracellular survival may lead to the development of S. aureus res-
ervoirs in humans, contributing to both persistence and dissemination from the infection
site to other body areas [9][12][7].

In addition, these kinds of infections have often been associated with a particular S.
aureus phenotype called Small Colony Variant (SCV), an alternative bacterial lifestyle gen-
erally related to adaptation and persistence in unfavourable environmental conditions [6].
Furthermore, the role of professional phagocytes as “trojan horses” has been largely ob-
served in several infectious diseases, such as those caused by bacteria, fungi, and viruses.
Interestingly, they are also involved in the carriage of pathogens across the Blood Brain
Barrier (BBB) [13][14][15][16].

Understanding the intracellular survival mechanisms of different S. aureus strains is
crucial to developing effective strategies against difficult-to-treat infections. Based on our
knowledge, intracellular survival of S. aureus varies depending on the set of virulence fac-
tors produced (e.g., PVL toxin, alpha toxin, etc) as well as its genetic background. This
finding was already assessed through internalization assays in human MG-63 osteoblast-
like cells, which revealed differences in internalization and intracellular persistence of S.
aureus based on its sequence type (ST) [17]. The complications related to the treatment of
persistent and chronic infections has led to the development of novel therapeutic strate-
gies. These include the use of natural antioxidant compounds to counteract bacterial in-
fections by strengthening the host’s defense mechanisms. In this scenario, the natural di-
peptide carnosine may represent a promising choice in addition to the antibiotics cur-
rently used [18].

The aim of the study was to evaluate the ability of S. aureus USA300 to survive inside
RAW 264.7 murine macrophages, as well as to examine potential genomic and tran-
scriptomic changes involved in the transition from the wild type to the SCV phenotype in
the presence of carnosine and erythromycin.

2. Results
2.1 Antimicrobial susceptibility test

Carnosine was tested alone in Cation Adjusted Muller Hinton Broth (CA-MHB) and
Dulbecco’s Modified Eagle Medium (DMEM), and in a range of concentrations from 0,15
mg/L to 160 mg/L, showing no antimicrobial effects compared to the bacterial growth con-
trol.

S. aureus USA300 had an erythromycin MIC value of 32 mg/L in both CA-MH Broth
and DMEM, also when tested in combination with carnosine 20 mM, showing no antago-
nism against the antibiotic.

2.2 Infection assay and evaluation of SCV stability
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The RAW 264.7 cell line was infected using a Multiplicity of Infection (MOI) of 50:1
(bacterial: eukaryotic cells) for 3, 24 and 48h. The osmotic lysis of infected macrophages
was performed at every time point post infection (p.i), lysates were plated on Blood Agar
(BA) and bacterial Colony Forming Unit (CFU) were counted after over-night incubation,
to assess bacterial recovery compared to the starting inoculum (2,5x10¢ bacterial cells) as
well as to investigate the bacterial phenotype in all experimental conditions (Figure 1).

R i
Figure 1. RAW 264.7 murine macrophages infected with S. aureus USA300 at 24 h p.i., captured with Leica
DMI 4000B inverted microscope, 20x enlargement

As reported in Graph 1, a 2-log fold reduction was observed in the untreated control.
Carnosine and erythromycin, both alone (20mM carnosine) and in combination (20mM
carnosine and 32 mg/L erythromycin), yielded a recovery approximately 3-log lower than
the starting inoculum at each time point after infection. As expected, the SCV phenotype
was also observed in the untreated control, confirming that S. aureus tends to grow as SCV
in order to counteract the cellular stress caused by macrophages. Even though SCVs were
isolated in all experimental conditions, several subcultures showed different phenotypic
stability based on the treatment. In particular, SCVs induced by either carnosine or eryth-
romycin alone reverted to the wild type form right after the first passage on Blood Agar
(BA) (Figure 2a). On the other hand, SCVs isolated 48h p.i. from the combined treatment
condition were stable for at least six passages on BA. This observation suggests that the
combination of carnosine and erythromycin triggers and supports the mechanisms un-
derlying SCV formation, leading to longer stability compared to other treatment condi-
tions (Figure 2b).

1.5%10%— Untreated Carnosine Erythromycin Ery + Car
1.2%10%=" 1T 110 17 1
9.0x103=—

6.0%103— I I I I

3.0x10%— '

1.5x103 = 1 n

1.2%103
9.0%102=
6.0x102—
3.0%102-

0.0-

Colony Forming Unit/ml

3h 24h  48h 3h 24h  48h 3h 24h  48h 3h 24h  48h

E== S aureus USA300 SCV
E== S. aureus USA300 wild-type

Graph 1. Colony count (CFU/ml) from all experimental conditions at 3, 24 and 48h p.i.
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Figure 2. a) Coexistence of S.sureus wild-type and SCV in the presence of carnosine and erythromycin used
alone; b) Stable SCVs isolated from erythromycin/carnosine obtained 48h p.i. and after six passages on BA.

2.3 Genomic analysis

INlumina Whole Genome Sequencing (WGS), de novo genome assembly, sorting and
variants calling were performed. The analysis aimed to test crucial S. aureus genes for one
or more point-mutations which may represent a unique genomic signature of S. aureus
SCV. Genomic comparison did not reveal any relevant mutations which could differenti-
ate S. aureus USA300 wt and S. aureus SCV. Indeed, all mutations observed are common
to both phenotypes and not involved in aminoacidic changes that can affect protein struc-

ture and function. The detected mutations are listed in the supplementary materials (Table
S1).

2.4 Gene expression analysis

Gene expression was evaluated for genes belonging to several categories, so, regard-
less of their biological functions, they were classified as follows.

Metal Ions Uptake: up-regulation was observed for sirC, zur, mntR, fur, perR mRNA
expression levels, with a p value <0.05 for fur, zur and mntR (S. aureus USA300 SCV vs S.
aureus USA300 wt).

Ros neutralization: slight, statistically non-significant down-regulation and slight,
statistically non-significant up-regulation were observed for katA and for sodM and sod A
mRNA expression, respectively (S. aureus USA300 SCV Vs S. aureus USA300 wt).

Metabolic Pathways: slight, statistically non-significant down-regulation and statis-
tically non-significant up-regulation were observed for pdhA and for fumC mRNA expres-
sion, respectively; on the other hand, statistically significant up-regulation was observed
for uhpt, with a p value <0.05 (S. aureus USA300 SCV Vs S. aureus USA300 wt).

Regulators: slight, statistically non-significant up-regulation and remarkable, statis-
tically non-significant up regulation were observed for sarA and sigB and for agrA mRNA
expression, respectively.

Virulence: slight, statistically not significant down-regulation and remarkable, statis-
tically non-significant up regulation were observed for psmA and for hla and hld mRNA
expression, respectively.

Surface Protein: remarkable, statistically significant up-regulation was observed for
sdrE mRNA expression, with a p value <0.05 (Figure 3, Table 1, Table S2).


https://doi.org/10.20944/preprints202303.0461.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 March 2023

Regulator

B

Virulence

Fold-Change vs GyrB
e = 2 = 0w
I :

b

S

o
~ ROS neutralization

Metal Ions Uptake

(]
-

Metabolic Pathways

=

(TCA - Glycolysis)

Fold-Change vs GyrB
e & = = 4
-§
H

sarA

o4
=
-

Fold-Change vs GyrB
e = h
B

Fold-Change vs GyrB

4
=
o

USA300 sCV

USA300 scv
katA
1
L]
H -+
1.0-
o
3
1
] 0.!
3
5
I
0.0-
USA300 SCvV
sirc
@
5
¢
- 3
g
82
3
2
o
USA300 sCV
perR

[

[

Fold-Change vs GyrB

> o =2
4

USA300

@
51
<

-

E

sigB

USA300

hia

Fold-Change vs GyrB
o » a @

USA300

zur

Fold-Change vs GyrB

Fold-Change vs GyrB

Fold-Change vs GyrB

@

-

»

do0i:10.20944/preprints202303.0461.v1

agrA

n

USA300 scv

hid = sdrE

= .

T i
£ 1
@ 2
£
= .21
w 0-

USA300 scv USA300 scv

(]
-

sodA
2
24
1.
1.
LY
[X
USA300 scv

* mntR
.
g 2
3 3 g- 2.0
f r
14
&2 8
: !
! 3
& 3°
o T T
USA300 scv UsA300 sov
fur
N
o
&
2
&
g 2
% 1
i
USA300 scv
fume uhpt
.
2. ®
® et
& 1 g
2 >
° o
3o g
2 2
0.0
USA300 scv USA300 scv

Figure 3. S. aureus USA300 wild-type and S. aureus USA300 SCVs isolated from the treatment with fixed concentration (20mM) of carnosine and
erythromycin at 48 p.i were selected for the evaluation of mRNA expression in genes belonging to the categories
a) Regulator, b) Virulence, c) Surface Protein, d) Ros Neutralization, e) Metal Ions Uptake, f) Metabolic Pathways
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Expression Level
Function Gene S. aureus USA300 Vs P-value
S. aures SCV
sarA i 0,521
Regulator sigB = 0,701
agrA 1 0,148
psmA = 0,844
Virulence hla T 0,088
hld 1 0,097
Surface protein sdrE T* 0,046
katA = 0,329
ROS neutralization sodM = 0,195
sodA 1 0,278
sirC 1 0,255
zur 1* 0,044
Metal Ions Uptake mntR T* 0,025
fur T* 0,036
perR = 0,732
pdhA = 0,824
Metabolic Pathways
(TCA - Glycolysis) fumC ! 0,333
uhpt T* 0,021

Table 1. The statistically significant values reported are the means of the expression study conducted in triplicate for each single target. S. aureus

USA300 wild-type and S. aureus USA300 SCVs isolated from the treatment with fixed concentration (20mM) of carnosine and erythromycin at 48 p.i

were selected for the analysis.

1 up-regulated, p-value > 0,05, statistically non-significant; 1* up-regulated, p-value < 0,05, statistically significant; = no difference in level expres-

sion
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3. Discussion

S. aureus is a notorious opportunistic pathogen that causes a plethora of diseases. As
previously demonstrated, several S. aureus strains exploit their ability to penetrate non-
phagocytic cells inducing intracellular toxicity and tissue destruction; on the other hand,
bacterial persistence within cells is thought to lead to immune evasion and chronicity of
infections. Furthermore, phagocytosis by neutrophils and macrophages allows dissemi-
nation of the pathogen. S. aureus host-pathogen interactions, with a focus on intracellular
survival, is a matter deserving of serious consideration [9]. Phagosomal escape is another
mechanism of persistence in the human body that affects infection dynamics [18].

Synthetized via the ATP-dependent enzyme carnosine synthetase 1 (CARNS1), car-
nosine is a dipeptide composed of [3-alanine and L-histidine and found in several human
tissues. The highest concentrations are observed in the skeletal and cardiac muscles (up
to 20 mM) as well as in the brain (0.7-2.0 mM) [19][20][21][22]. Carnosine is extensively
known for being involved in macrophage activation as well as a ROS and RNS scavenger,
enhancing the expression of antioxidant enzymes (Gpx1, SOD-2, Cat) [23].

Previous studies demonstrated a strong increase in IL-6 and TNF-a, two cytokines
induced by S. aureus ST239 when infecting non-immune cells such as osteoblasts; the pro-
inflammatory cytokines produced during S. aureus infections promote its outgrowth and
bacterial intracellular persistence [24].

In the present study, aimed at evaluating the effect of carnosine on macrophages and
S. aureus persistence, the RAW 264.7 murine macrophages cell line was infected with the
S. aureus USA300 strain and treated both with erythromycin alone and in combination
with carnosine 20mM. Experimental conditions were evaluated at 3, 24 and 48 hours post
infection. RAW 264.7 murine macrophages infected with S. aureus USA300 and not treated
with antibiotics were used as controls, also demonstrating the great ability of this strain
to survive in the cells. Small colony variants (SCVs) isolated from all analysed conditions
demonstrate S. aureus USA300 adaptation.

Once SCVs were obtained from all experimental conditions, several passages on
blood agar were performed in order to test their phenotypical stability. Despite a slight
numeric decrement of the SCVs isolated 48 hours p.i. from the combined treatment with
erythromycin and carnosine, a stable phenotype was observed for at least six passages on
blood agar. These findings support the hypothesis that the use of carnosine as an adjuvant
for erythromycin may support the macrophage antioxidant machinery triggering the host
defence. On the other hand, this leads S. aureus to acquire a stable SCV phenotype.

As reported in the literature [25][26][27], stable SCV phenotype is usually related to
mutations in specific genes related to electron transport chain, such as hemB, menD, ctaA
and thyA. Therefore, Whole Genome Sequencing (WGS) was performed in order to com-
pare the wild-type isolate with its SCV. The analysis did not reveal any relevant mutation.
Since chromosomal rearrangement might be involved in stable SCV formation [28], the
sequencing method employed may represent a limitation. Long-read sequencing is cur-
rently ongoing; this will provide greater genomic insights.

Gene expression analysis was performed with the aim of elucidating the differences
between the wild-type and SCV phenotypes of S. aureus USA 300, focusing our attention
on target genes involved in regulation, adhesion and toxin production, and ROS neutrali-
zation. Since increased glycolytic metabolism was reported for stable SCV [29], genes re-
lated to glycolysis were also investigated.

Figure 4 reports differentially expressed genes between S. aureus USA300 and SCVs.

The expression of regulatory and virulence genes is reported in Figures 3a-3b and
Table 1, and summarized in Figure 4.

The over-expression of the agrA gene in SCVs may be explained by the over-expres-
sion of the sarA gene; this expression profile is associated with intracellular survival in
macrophages [30]. SarA over-expression leads to the over-expression of sdrE and virulence
genes (hla and hld genes), thus favoring the mechanism of adhesion (a typical strategy in
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the initial stages of the internalization process, when S. aureus shows a slowdown in met-
abolic activity) and persistence in macrophages [31].
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Figure 4. Regulation of adhesion and virulence determinants in S. aureus by global regulatory loci. Ar-
rows stand for activation; bars for repression. The molecule that acts as activator or repressor (SarA protein) is
represented in the orange oval; the alternative sigma factor (SigB) in the light green rectangle; the agr quorum-

sensing system (AgrA) in the light blue octagon; toxins (Hla, Hld, SdrE, and PsmA) in the yellow circles; and
RNAIII in the blue rectangle. The asterisk indicates significant expressed genes. Modified from Bongiorno et al,
2020 [17].

The expression of the Ros neutralization and Metal lone uptake genes is reported in
Figures 3d-3e and Table 1, and summarized in Figure 5.

Over-expression of the genes encoding for zinc, iron and manganese transporters (zur,
sirC and mntR) was reported, highlighting the importance of metal ions as cofactors of
several enzymes involved in ROS neutralization, such as catalase and superoxide dis-
mutase [32][33][34] and their centrality for macrophage survival [7][30].

These regulators act on PerR, which affects the oxidative stress acting on catalase and
superoxide dismutase encoded by katA, sodM, sodA [35][36]. The latter was found to be
over-expressed. These genes were involved in the detoxification of vacuolar reactive oxy-
gen species, contributing to intracellular survival, which in this contest is not yet required
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Figure 5. Different expression of SirC, Zur, Fur and MntR affects PerR modulatory effect on KatA ex-
pression in S. aureus, managing metal ions uptake. Arrows stand for activation, bars for repression. The aster-
isk indicates significant expressed genes.

As previously demonstrated, the glycolytic and fermentative pathways are up-regu-
lated in S. aureus SCVs, even in the presence of oxygen, thus exhibiting a type of anaerobic
metabolism [37]. Indeed, statistically significant over-expression of the uhpt gene (a hex-
ose phosphate transporter) was observed. Moreover, statistically non-significant over-ex-
pression was shown for the fumC gene. This gene encodes for fumarate dehydrogenase,
responsible for the conversion of fumarate into malate. Fumarate is known to be essential
for the epigenetic changes associated with trained immunity, therefore its depletion, due
to fumC up-regulation, was shown to be crucial for the intracellular survival of SCVs [29].

Since chronic and persistent infections are a major clinical burden due to failure of
prolonged antibiotic treatment, our findings allow to improve the knowledge of antibiotic
resistance mechanisms, sometimes related to the most difficult-to-treat SCV phenotype.

In order to clarify the mechanisms involved in host-pathogen interaction, this exper-
imental model should be improved to include the impairment of the host’s inflammation
pathways that lead to the failure of macrophage immune activity.

4. Materials and Methods

4.1 Sample description

S. aureus USA300 subspecies aureus Rosenbach (BAA-1556™) was chosen for the in-
ternalization study.

Molecular analysis revealed that S. aureus USA300 is a Panton-Valentine leucocidin
(PVL) producer, and harbors Staphylococcal Cassette Chromosome mec (SCCmec) type IV,
spa type t008 and MLST type ST8, ACME locus [38].

4.2 Broth microdilution

To test erythromycin and carnosine activity, both alone and in combination, mini-
mum inhibitory concentrations (MICs) were assessed by broth microdilution (BMD) as
recommended by the CLSI guidelines [39]. MIC values were evaluated based on the EU-
CAST v 12.0 breakpoints [40].

BMDs using a fixed concentration of carnosine (Cat. No C9625, Sigma-Aldrich-
Merck,) (20 mM) combined with increasing erythromycin (Cat. No E5389-1G, Sigma-Al-
drich-Merck) concentrations (from 0.25 to 256 mg/L) were performed both in the CA-MHB
(Cat. No 11703503, BD Difco™ Mueller Hinton Broth) and DMEM (Cat. No 11965092,
Gibco™ DMEM, high glucose) media used to grow RAW 264.7 (ATCC® TIB-71™) eukar-
yotic cells. All plates were incubated overnight at 37°C.

4.3 Infection assay
4.3.1 Eukaryotic cell culture preparation

RAW 264.7 cells were selected to perform the infection assay. Cells were grown in 75
cm? flasks with DMEM, HEPES, GlutaMAX™ Supplement DMEM (Cat. No 11965092,
Gibco™ DMEM, high glucose DRAFT) supplemented with Fetal Bovine Serum (FBS) 10%
(Cat. No F7524, Sigma-Aldrich-Merck) and 100 U/ml of Penicillin/Streptomycin (Cat. No
15140148, Gibco™, ThermoFisher Scientific). The cell culture was incubated in humid at-
mosphere at 37° C and CO25%. The medium was changed twice weekly.
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5x10*RAW 264.7 cells were plated in a 24-well plate, 24 hours before infection, in DMEM
without Pen/Strep, supplemented with FBS 10% and treated with 20mM of carnosine.

4.3.2 Infection of RAW 264.7 cells

RAW 264.7 cells were infected with S. aureus USA 300 with a Multiplicity of Infection
(MOI) of 50:1 (2,5x10¢ bacterial cells). Treatment with lysostaphin (100 mg/ml) (Cat. No
SAE0091, Sigma-Aldrich-Merck) was performed at 37°C for 1 hour to remove all bacterial
cells in the extracellular environment. To confirm the absence of extracellular bacteria,
100ul of each well were plated in Tryptic Soy Agar (TSA) (Cat. No 11973752, Oxoid™,
Thermo Scientific™) plates and incubated overnight at 35/37°C.

Different treatments were performed: untreated, carnosine alone (20 mM), erythro-
mycin alone (32 mg/L), carnosine and erythromycin in combination. Osmotic lysis, 3h, 24h
and 48h post-infection, was performed by incubating cells in sterile water at 37°C for 30
minutes. Cellular lysates, containing internalized bacteria, were suitably diluted, plated
on Blood Agar (BA) plates and incubated overnight at 35/37°C to evaluate bacterial recov-
ery in all different experimental conditions.

4.3.3 Evaluation of SCV stability

Since coexistence of the wild type and SCV phenotypes was reported in all of the
experimental conditions, SCVs were isolated and sub-cultured six times on BA plates to
evaluate their phenotypic stability. SCV stability was also tested after freezing in TSB with
glycerol 15% (Cat. No 27002, LIOFILCHEM® S.r.1., Teramo, Italy) and subsequently cul-
tured in BA. In this work, SCVs were defined as stable if no transition to the wild type
phenotype took place after at least six passages on BA.

4.4 Genomic analysis
4.4.1 DNA extraction

S. aureus USA300 wild-type and S. aureus USA300 SCVs isolated from the treatment
with fixed concentration (20mM) of carnosine and erythromycin were selected for DNA
isolation.

DNA extraction was carried out following the manufacturer’s instructions provided
by the QIAGEN QIAamp® DNA Mini Kit (Cat. No 51304, QIAGEN, Hilden, Germany).
DNA was quantified using both the Eppendorf BioPhotometer® D30 and the fluorimeter
Qubit dsDNA BR Assay Kit to evaluate purity and quantity of the initial sample, respec-
tively (Cat. No 32850, Invitrogen, 92008 Carlsbad, CA, USA).

4.4.2 Whole Genome Sequencing

A starting amount of 10 ng from the two selected samples was used for Next Gener-
ation Sequencing (NGS). This was performed on the Illumina MiSeq platform according
to the manufacturer’s instructions provided by the QIAseq® FX DNA Library Core Kit
(Cat. No 1120146, QIAGEN, Hilden, Germany). Bead-based library purifications were per-
formed using Agencourt® AMPure® XP Beads (Cat. No A63880, Beckman Coulter®, Indi-
anapolis, IN, USA).

Libraries were quantified and their quality evaluated using both the fluorometric
Qubit dsDNA HS Assay Kit (Cat. No Q32851, Invitrogen, Carlsbad, CA 92008, USA) and
the Agilent® High Sensitivity DNA Kit (Cat. No. 5067-4626, Agilent Technologies, Califor-
nia, USA).

Denature and dilute libraries were performed following the “Denature and Dilute Librar-
ies Guide” protocol provided by Illumina®, choosing 8,5 pM as the loading concentration.
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[41] Finally, sequencing was performed using the MiSeq Reagent Kits v3 (Ref. 15043895,
[llumina, Inc., 92122, San Diego, CA, USA).

4.4.3 Data analysis

Data were analyzed using the QTAGEN CLC Genomics Workbench software and fol-
lowing the User Manual for the CLC Microbial Genomics Module v22.0, released on Jan-
uary 4, 2022 (QIAGEN, Aarhus, 8000, Denmark), that uses the CARD database to assign
resistance, virulence and MLST genes (https://card.mcmaster.ca/).

4.4.4 Bioinformatic analysis

Two paired-end bacterial raw reads were firstly trimmed with TrimGalore (v0.5.0)
[42][43] to remove the adapter sequence. Thereafter, the bacterial genome was assembled
de novo using Unicycler (v0.4.8) [44] with the [llumina-only assembly. Unicycler output
assemblies were then aligned with several protein sequences in order to identify punctual
mutations. Firstly, the alignment was carried out using bwa mem [45]. After that, files
were sorted by SAMtools, variants were called and consensus sequences were generated
using BCFtools [46][47]. The research of aminoacidic mutations was done using transeq
(EMBOSS:v.6.6.0.0) and blastp (2.12.0+) [48].

4.4.5 Data availability statement

The datasets presented in this study can be found in online repositories. The names of the
repository/repositories ~ and  accession  number(s) can be found @ at:
http://www .ncbi.nlm.nih.gov/bioproject/ PRINA912391.

4.5 Expression study
4.5.1 RNA extraction

S. aureus USA300 wild-type and S. aureus USA300 SCVs isolated from the treatment
with fixed concentration (20mM) of carnosine and erythromycin at 48 p.i were selected
for RNA isolation.

RNA extraction was performed using the RNeasy Mini Kit (Cat. No 74104, Qiagen,
Hilden, Germany) following the manufacturer's instructions, with some modifications as
previously described [17] RNA quality was tested with a Qubit® 3.0 Fluorometer (Cat. No
33216, Life Technologies, Thermo Fisher Scientific, Waltham, Massachusetts, USA) us-
ing the Qubit RNA HS Assay Kit (250 pg/ul and 100 ng/ul).

4.5.2 Primer design

The primers used, as reported in Table 2, were designed with the Primer designing tool —
NCBI (https://www ncbi.nlm.nih.gov/tools/primer-blast/) using S. aureus
USA300_FPR3757; NC_007793 as the reference genome.

Furthermore, the agrA, sdrE, psmA, hla, hld, uhpt and SigB genes were amplified us-
ing the primers previously reported [17].
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. GeneBank Acc. Gene Amplicon
Category Fuction Sequence 5 —3 .
Number Name Size
Involved in hydrogen peroxide decomposi- F| GGAGCGTGACATTCGAGGAT
YP_493929 KatA 139
R tion R| ATCTCGTTTCACCGCACGAT
0s
Superoxide dismutase F| GCGATGAGGATGTCAGTCCG
YP_498694.1 sodM 136
o [Mn/Fe] 1 R| CATCTAAAGTGCCCCACTGC
Neutralization
Superoxide dismutase F| GCGATGAGGATGTCAGTCCG
YP_492852.1 sodA 136
[Mn/Fe] 2 R| CATCTAAAGTGCCCCACTGC
Iron compound ABC transporter, F| TGCAGTATTAGGTGGCGCAG
o YP_492832.1 sirC 80
permease protein SirC R| TGAGTGTTGTCGGGCGTATT
Zinc-specific metallo-regulatory F| TGGCAAGACTCACATACACCA
. YP_500166.1 zur 160
protein R| TCGCTTGTACAAACCATCATCA
Metal Mn-dependent transcriptional F| ACGGCGGTGTGATTCCTAGA
YP_499198.1 mntR 112
Ions regulator involved in the uptake of Mn R| TCGGTCTTATCTCTCACACGTT
Uptake Iron-responsive positive F| TGGCAAGACTCACATACACCA
o YP_494209 fur 160
transcription regulator of katA gene R| TCGCTTGTACAAACCATCATCA
Peroxide-responsive repressor. F TTGGAAAATCAGGTGAAAGTGC
Mn-dependent negative transcription regu- YP_494494.1 perR T 119
lator of the katA gene R| GCGACAAGCAGGCGTAAGAA
Metabolic Pyruvate dehygrogenase E1 component F| CTAAAGAAGCACGTGACCGC
. YP_493691.1 pdhA 102
Pathways subunit alpha R| TTGGATCGTCACCAGCCATT
(TCA - Catalyzes the interconversion F| ATGGCAAACAGGAAGCGGTA
i YP_494484.1 SfumC 168
Glycolysis) of fumarate to L-malate R| ACGTGCATAGCAGTTGGGAA

Table 2: Primer features used to evaluate gene expression in qRT-PCR
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4.5.3 RT-qPCR

RNA was normalized at 50 ng/ul using the QuantiTect Reverse Transcription Kit
(Cat. No 205311, Qiagen, Hilden, Germany) to obtain cDNA, and amplifications were per-
formed using the QuantiNova SYBR Green PCR Kit (Cat. No 208052, Qiagen, Hilden, Ger-
many) at a final cDNA concentration of 8 ng/pl. The negative control consisted in a reac-
tion in the absence of cDNA, indicated as NTC (No Template Control). The annealing
temperature was 60°C for all customized primers. qPCRs were performed in a Light-
Cycler® 480 Real-Time PCR System (Roche, Monza, Italy). PCR efficiencies, melting curve
analysis, and expression rate were calculated using the LightCycler® 480 software (Roche,
Monza, Italy).

4.5.4 Statistical analysis

Statistical analysis was performed and the related graphs were prepared using
GraphPad Prism Software, Version 9.4.0, June 3, 2022 (GraphPad Software, San Diego,
CA, USA). The relative RNA expression level for each sample was calculated using the
2-AACT method (threshold cycle (CT) value of the gene of interest vs. CT value of the
housekeeping gene). [49]

For accurate gene expression measurements with qRT-PCR, the results were normalized
to the housekeeping gene gyrB. [50] [51] Only p values < 0.05 were considered statistically
significant.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1: mutations annotated by comparing S. aureus USA300 and its SCV's
genomes; Table S2: statistical insights of gene expression levels detected through qRT-PCR.
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